Cell surface pili in Gram-positive bacteria orchestrate the colonization of host tissues, evasion of immunity, and the development of biofilms. Recent work revealed that pilus assembly is a biphasic process wherein pilus polymerization is catalyzed by a pilusspecific sortase followed by cell wall anchoring of the pilus that is promoted by the housekeeping sortase. Here, we present molecular genetic and biochemical studies of a heterotrimeric pilus in Corynebacterium diphtheriae, uncovering the molecular switch that terminates pilus polymerization in favor of cell wall anchoring. The prototype pilus contains a major pilin (SpaA) forming the shaft, a tip pilin (SpaC), and another minor pilin (SpaB). Cells lacking SpaB form pilus fibers, but they are largely secreted in the medium, a phenotype also observed when cells lack the housekeeping sortase. Furthermore, the average pilus length is greatly increased in the absence of SpaB. Remarkably, a SpaB mutant that lacks the cell wall sorting signal but contains a critical lysine residue is incorporated in the pilus. However, the resulting pili fail to anchor to the cell wall. We propose that a specific minor pilin acts as the terminal subunit in pilus assembly. Cell wall anchoring ensues when the pilus polymer assembled on the pilus-specific sortase is transferred to the minor pilin presented by the housekeeping sortase via lysine-mediated transpeptidation.
C
ell surface pili play pivotal roles in bacterial colonization and pathogenesis (1, 2) . The mechanism of pilus assembly in Gram-negative pili is well understood (3) . Many Gram-positive pathogens display diverse types of pili (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) . Unlike Gramnegative pili, the Gram-positive bacterial pili are covalently cross-linked polymers that are covalently attached to the cell wall peptidoglycan (2, 7) . The various Gram-positive pili are assembled by a fundamentally similar mechanism that requires sortase (7, (15) (16) (17) , a transpeptidase found in virtually all Gram-positive microbes (18, 19) . Sortase recognizes the LPXTG motif within the cell wall sorting signal (CWSS) of a precursor protein, cleaves the polypeptide between threonine and glycine, and covalently links the terminal threonine of the cleaved polypeptide to the cell wall peptidoglycan (20, 21) . C. diphtheriae expresses three distinct heterotrimeric pili and a total of six sortases, of which five (SrtA-E) are essential for specific pilus polymerization, and they are coexpressed with respective pilins (6) . The sixth one (SrtF) is known as the housekeeping sortase (6) . The first pilus gene cluster characterized in C. diphtheriae (spaA-srtA-spaB-spaC) encodes the SpaA-type pili. This prototype pilus is assembled by the covalent cross-linking of the major pilin SpaA forming the shaft, together with the minor pilin SpaC located at the tip, and another minor pilin, SpaB (6) . When SpaA is overproduced, long pili are formed that contain SpaC at the tip and SpaB interspersed along the shaft (6) . The minor pilins are also displayed on the cell surface and they facilitate corynebacterial adherence to pharyngeal epithelial cells (22) .
Like a typical Gram-positive surface protein (23) , each Spa protein harbors the C-terminal CWSS (6) . Although SpaB and SpaC are normal pilus components, they are dispensable for polymerization of the SpaA pilus shaft catalyzed by the pilusspecific sortase SrtA (6, 24) . Our recent work has uncovered the function of the housekeeping sortase SrtF in anchoring pili to the cell wall by demonstrating that pilus polymers are secreted in the culture medium by cells devoid of SrtF (24) . According to our current working model (2) , SrtA cleaves the LPLTG motif of the major subunit SpaA and cross-links the terminal threonine of the cleaved polypeptide to the conserved lysine within the pilin motif located at the N terminus of an adjoining SpaA pilin. Cycles of this transpeptidation reaction extend the pilus polymer to a length that is likely dictated by the level of the major pilin (25, 26) . The resulting polymer is then linked covalently to the peptidoglycan, which is efficiently catalyzed by the housekeeping sortase SrtF (24) . This biphasic mode of assembly appears to be common in Gram-positive bacteria, such as Streptococcus agalactiae and Bacillus cereus (8, 13) . Importantly, the factors and mechanisms that govern the polymerization-anchoring switch remain unknown.
The CWSS in SpaB contains the LAFTG motif, which is suggested to be a preferred substrate of the housekeeping sortase (18, 19) . We have reasoned that the minor pilin SpaB may act as the switch that terminates pilus polymerization in favor of cell wall anchoring via its preferential recognition by the housekeeping sortase. Consistent with this hypothesis, we show here that the deletion of spaB results in abundant secretion of SpaA polymers into the culture medium, the same phenotype observed for the ⌬srtF mutant. We show that this SpaB-mediated cell wall anchoring of pilus requires the SpaB sorting signal, and an upstream lysine residue that is essential for the covalent linkage of SpaB to SpaA. Immunoelectron microscopy revealed that when SpaB is absent, the SpaA fibers found in the culture medium and on the bacterial envelope are considerably longer than the wild type. Evidently, the incorporation of SpaB minor pilin in the shaft base serves as the terminal step in pilus polymerization and triggers the concomitant cell wall linkage by the housekeeping sortase.
Results
SpaB Minor Pilin Promotes the Cell Wall Anchoring of SpaA Pili. To determine whether SpaB is involved in cell wall anchoring of the SpaA fibers, we monitored pilus assembly in various corynebacterial strains by Western blot analysis experiments using equiv-alent samples representing the bacteria-free culture medium (lanes marked M) and the bacterial cell wall (lanes indicated by W). In agreement with our previous results (24) , most of the SpaA polymers in WT bacteria are associated with the cell wall fraction and a small amount of pilus polymers (HMW) is present in the culture medium (Fig. 1A) . In contrast, SpaA polymers formed in the ⌬srtF mutant were predominantly in the culture medium ( Fig. 1 A) . In fact, a fraction of the cell-associated polymers (Fig. 1 A; ⌬srtF, lane W) was released by SDS treatment [supporting information (SI) Fig. S1 ], indicating that only a very small amount of pilus is actually linked to cell wall in the absence of SrtF.
Remarkably, the spaB deletion mutant behaved similar to the ⌬srtF mutant: SpaA polymers were mostly secreted in the culture medium ( Fig. 1 A) . SDS treatment released Ϸ50% of the remaining polymers from cells, indicating a profound cell wall anchoring defect (see Fig. S1 ). This defect of ⌬spaB mutant was rescued by WT SpaB expressed from a plasmid (Fig. 1 A) . Interestingly, a close examination indicated that in the absence of SpaB, the SpaA polymers are hyperextended (Figs. 1 A and Fig. S1 ); we confirmed this by immunoelectron microscopy (below). By comparison, absence of SpaC tip pilin (Ϸ200Kda) did not cause any secretion of SpaA polymers, although the overall amount of polymers was reduced (Fig. 1 A) . In addition, SpaC incorporation in the SpaA polymers appeared normal in both ⌬srtF and ⌬spaB mutant strains (data not shown). Thus, the minor pilin SpaB, but not SpaC, facilitates cell wall anchoring of pili.
Blotting these same samples, described above, with a specific antibody against the minor pilin SpaB (␣-SpaB), we observed a substantial amount of high molecular weight SpaB polymers (HMW) in the culture medium of the WT cells. This unexpected phenomenon remains to be investigated. Nonetheless, a significant portion of SpaB polymers were cell wall anchored, and their migration pattern was similar to that of the SpaA polymers (Fig.  1B) . Strikingly, consistent with our hypothesis that SpaB is the preferred substrate of the housekeeping sortase SrtF, a massive amount of SpaB polymers was accumulated in the culture supernatant of the ⌬srtF mutant (Fig. 1B) . A plasmid that expresses SrtF rescued this defect and restored cell wall anchoring of SpaB polymers to WT levels (Fig. 1B) . That this defect correction is caused by the cell wall linkage of SpaB is evident from the fact that no specific ␣-SpaB reactive materials were observed in the ⌬spaB mutant and the SpaB-containing polymers were restored in the complemented ⌬srtF strain (Fig. 1B) . As shown previously (25) , deletion of spaA abrogated SpaB polymerization, although a high-molecular weight species that reacted with ␣-SpaB was detected in the gel (asterisk); we do not know the nature of this species yet. The absence of SpaC caused a reduction in the overall amount of polymers, as noted above, but it did not prevent the incorporation of SpaB (Fig. 1B) . Furthermore, the overall pattern of SpaB polymers in the ⌬spaC mutant appeared to be similar to that in WT cells, although their absolute size was reduced as expected of polymers without SpaC (Fig. 1B) .
Do specific minor pilins play a general role in cell wall anchoring of distinct types of pili? To address this question, we dissected the assembly of the SpaH-type pili by employing a set of deletion mutants affecting these pili (26) . Like the SpaA pili, the SpaH-type pili are made of the major pilin SpaH forming the pilus shaft, a minor pilin SpaI found along the shaft, and a tip pilin SpaG; this architecture was established in a strain that overproduces SpaH (26) . Consistent with the results described above for the SpaA pili, the SpaH pili were mostly secreted in the culture medium of the ⌬srtF mutant ( Fig. S2 ), confirming our previous report (24) . Similarly, a majority of SpaH polymers were found in the culture medium of the ⌬spaI mutant, whereas the polymers were largely cell wall anchored when the tip pilin spaG was deleted (Fig. S2) . Thus, the role of a minor pilin in cell wall anchoring is not unique to the SpaA pili.
Sorting Signal of SpaB is Essential for Cell Wall Anchoring of the
Polymers. The results described above support our hypothesis that SpaB anchors the pilus polymers to the peptidoglycan. All previous studies have demonstrated the essential role of the CWSS in the transpeptidation reaction that attaches cell surface proteins to the lipid II precursor, the penultimate step in linking surface proteins to the cell wall (17, 21) . If SpaB acts as the cell wall anchoring subunit, then its CWSS signal should be required for cell wall linkage of the SpaA pili. To examine this, we generated a series of truncated SpaB mutants that lack the positively charged tail, a hydrophobic domain, the LAFTG sorting signal, or regions farther upstream of the CWSS ( Fig.  2A) . The recombinant plasmids were introduced into the spaB deletion mutant and protein samples from the culture medium and the cell wall fraction were analyzed as described above.
Deletion of the positively charged tail in SpaB (ie, ⌬10) did not affect the cell wall anchoring of SpaA polymers significantly. However, further truncation of the SpaB carboxyl-terminal sequence resulted in the secretion of polymers into the culture medium, the same phenotype as the parental ⌬spaB mutant (Fig.  2B) . Importantly, the SpaA polymers formed in these mutants appeared to be highly stacked, compared with wild type (Fig.  2B ), just as was noted above in the ⌬spaB mutant ( Fig. 1 A) . That some of the SpaA polymers were still surface displayed in the absence of SpaB ( Fig. 2B ; ⌬spaB, lane W), was independently verified by immunofluorescence microscopy, as previously described (22) . Consistent with the Western blot analysis analysis, SpaA reactive immunofluorescence signal was detected on the surface of the ⌬spaB mutant bacteria, although the signal was greatly reduced (Fig. S3) . This is in agreement with our previous determination that a small fraction of SpaA polymers are anchored to the cell wall by the pilus-specific sortase SrtA (24) .
Remarkably, when the same samples described in Fig. 2B were subjected to blotting with ␣-SpaB, we observed that none of the three deletion mutations removing the SpaB CWSS abrogated the incorporation of SpaB pilins into polymeric structures (Fig.   Fig. 1 . SpaB minor pilin promotes the efficient cell wall anchoring of SpaA pili. Equivalent samples collected from culture medium (M) and cell wall fragments (W) were analyzed on 4 to 12% gradient gels and detected by immunoblotting with ␣-SpaA (A) or ␣-SpaB (B). An antibody against pentahistidine (␣-His) that detects a protein found in both culture medium and cell wall was used as loading controls. The high-molecular weight pilus products (Spa HMW) and the position of molecular weight markers are indicated.
2C; lanes ⌬10, ⌬30, and ⌬36). To our surprise, the SpaB mutant that lacks the positively charged tail displayed a similar phenotype as compared with that of the WT and the complemented strain ( Fig. 2C; lane ⌬10 ). This contrasts with the phenotype of a similar truncation in a Staphylococcus aureus surface protein, which was shown to cause precursor proteins to be secreted into the extracellular milieu (27) . More significantly, when the hydrophobic domain and the charged tail or the entire CWSS was deleted, no detectable SpaB pilins could be recovered in the cell wall fractions that contained SpaA polymers, yet abundant amounts of SpaB-containing polymers were found in the culture medium ( Fig. 2 B and C; lanes ⌬30 and ⌬36) . This suggests that the truncated SpaB mutants, which could not be linked to the cell wall, still possess the determinant that links SpaB to SpaA, and that SpaA linkage and cell wall attachment of SpaB are two independent biochemical processes.
Lysine 139 of SpaB is Essential for the Incorporation of SpaB into the
Pilus Structure. To identify the sequence of SpaB that is essential for its incorporation into the SpaA pilus, we generated additional SpaB mutants containing larger deletions that remove the upstream region of the CWSS ( Fig. 2C ; lanes ⌬46, ⌬57, and ⌬71). Indeed, the sequence between residues 135 and 149 defined by ⌬71 and ⌬57 was found to be essential for SpaB-SpaA linkage: whereas the ⌬57 mutant was fully active in cross-linking to SpaA, the ⌬71 formed no SpaB-linked polymer, although the precursor protein was produced ( Fig. 2C; lanes ⌬57 and ⌬71) .
Previous studies suggest that the covalent linkage between pilins in Gram-positive pili involve a lysine or an asparagine residue (25, 28, 29) . Because the SpaB sequence between residues 135 and 149 that is evidently required for SpaB incorporation into the SpaA pili contains a lysine and an asparagine, it is logical to suspect that the lysine 139 or asparagine 149 or both might provide the necessary SpaB-SpaA linkage. Therefore, we performed site-directed mutagenesis and substituted the lysine 139 and asparagine 149 residues of SpaB individually to alanine (Fig. 3A) . The K139A and N149A mutants were confirmed by DNA sequencing, the ⌬spaB mutant was transformed with plasmids harboring the two SpaB mutants, and the resultant strains were next examined for SpaB incorporation into pili by Western blot analysis, the same as described in Fig. 1 . Fig. 3B shows that the full-length K139A mutant SpaB failed to be incorporated into the SpaA polymers abundantly produced by this strain, even though the mutant protein is expressed in the cell (data not shown) and some incorporated in the cell wall (see the low molecular weight band in K139A lanes; Fig. 3B ). Furthermore, entirely consistent with the role of SpaB in the cell wall anchoring of pilus polymers, the K139A mutation in SpaB greatly diminished the cell wall anchoring of the SpaA fibers, a phenotype similar to the deletion of the spaB gene (Fig. 3C) . By contrast, the asparagine 149 seemed unimportant in this regard (Fig. 3B) . The K139A substitution in the ⌬57 mutant also abolished SpaA-SpaB linkage and the cell wall anchoring of SpaA polymers (data not shown).
SpaB Dictates the Normal Pilus Length. We noted above that when SpaB is absent, the secreted SpaA polymers stacked in a higher molecular weight region in the denaturing SDS/PAGE compared with that seen with WT cells (see Figs. 1 A, 2B, and 3C) . In contrast, when SpaB was expressed from a plasmid, SpaA polymers are cell wall anchored and they appeared to be shorter in polymer length (see Figs. 1 A, 2B, and 3C ). To investigate whether this altered pattern reflected an imbalance in the decisive switch that terminates pilus polymerization in favor of cell wall anchoring, we performed immunoelectron microscopy to examine pili from the various corynebacterial strains. Both the whole cells and protein samples collected from the culture medium were immunolabeled with ␣-SpaA, followed by staining with IgG-conjugated gold particles and uranyl acetate (see Materials and Methods). In the WT samples, short pili were detected on the bacterial surface as previously described (22) (Fig. 4A) , and few clusters of SpaA-reactive gold particles were also observed in samples concentrated from the culture medium (compare Fig. 4 A and E) . In sharp contrast, although a few long pili were sometimes detected on the surface of the ⌬spaB mutant (Fig. 4B) , a majority of the pili produced by this mutant were released in the culture medium and they represented much longer pili on average compared with the WT strain (Fig. 4F) . In the strain complemented by the SpaB plasmid, the length of SpaA pili on the bacterial surface was similar to that of the wild type and few SpaA-reactive gold particles were found in the culture medium just as in wild type (Fig. 4 C and G) . With the srtF deletion mutant, pili found either on the bacterial surface or released into the culture medium appeared as short forms (Fig.  4 D and H) , consistent with the SDS/PAGE data (Fig. 1) .
We conclude that the SpaB minor pilin normally acts as the terminal subunit in pilus assembly and that its incorporation in the base of the growing pilus shaft limits further pilus polymerization and facilitates the cell wall attachment of pili by the housekeeping sortase.
Discussion
The principal findings reported here addressed a basic question in the sortase-mediated pilus biogenesis in Gram-positive bacteria: how pilus polymerization is terminated, and how this step is coupled to the attachment of the pilus polymer to the cell wall peptidoglycan. We addressed this question using the most well characterized heterotrimeric pilus of the pathogen C. diphtheriae as an experimental model. This prototype pilus is made of three different pilin proteins: SpaA, SpaB, and SpaC (6). As we reported previously, the proper assembly of this pilus requires two different sortases acting sequentially: pilus polymerization by a pilus-specific sortase (SrtA), followed by the anchoring of the polymers to the cell wall mediated by the housekeeping sortase (SrtF) (2). Our work here uncovered a common mechanism that acts as the decisive step in switching pilus polymerization to cell wall anchoring. We demonstrated that specific minor pilins perform this switching function in conjunction with the housekeeping sortase. For the SpaA pilus, this minor pilin is SpaB, whereas SpaI performs the same function for the SpaH pilus.
The key evidence that SpaB acts in conjunction with the housekeeping sortase to terminate pilus polymerization, and in turn facilitate cell wall anchoring of the SpaA pilus, comes from our analysis of the cell surface associated and secreted pili in various mutants of C. diphtheriae. We showed that the amount of surface associated SpaA pili is greatly reduced in cells devoid of either SpaB or SrtF, paralleled by a concomitant increase in the amount of pili released in the culture medium (Fig. 1) . Importantly, the absence of SrtF does not diminish SpaA polymerization nor affect SpaB incorporation to the SpaA polymers. A simple interpretation of these results is that the pilus-specific sortase is much more efficient in catalyzing polymerization than the cell wall anchoring, irrespective of the presence of SpaB in the pilus. Conversely, the housekeeping sortase, which is endowed with the cell wall anchoring activity but not polymerization activity, attaches SpaB to the cell wall much more efficiently, compared with SpaA. It follows that the rate-limiting step in the termination of pilus polymerization is the transfer of SpaB pilin captured by the housekeeping sortase to the base of the growing pilus shaft that is assembled on the pilus-specific sortase (Fig. 5B) . Once the pilus base has incorporated the SpaB pilin presented by the housekeeping sortase, the process of pilus assembly is switched from the polymerization phase to the cell wall anchoring phase (Fig. 5B) .
If SpaB acts as the terminal subunit for linkage of pilus to the cell wall, its cell wall sorting signal must be an essential determinant for this process. This prediction turned out to be true. We tested the role of the SpaB CWSS by constructing a series of truncated SpaB mutants in a plasmid, and measured their ability to rescue the cell wall anchoring defect observed in the spaB deletion mutant (Fig. 2) . Although deletion of the presumptive membrane retention signal of SpaB at its carboxyl terminus did not compromise the pilus anchoring function, a larger deletion removing the CWSS abolished the pilus anchoring ability of SpaB. Importantly, the mutant SpaB was still incorporated in the SpaA polymers, and the resulting polymers were largely secreted in the medium rather than anchored to the cell wall. The simplest interpretation of this data is that the housekeeping sortase utilizes the LAFTG motif to attach SpaB-containing pili to the cell wall. The fact that LAFTG sequence is predicted to be the preferred substrate of the housekeeping sortase lends further support to our termination model involving SrtF. The critical question now arises as to how SpaB is linked to the SpaA polymer. According to current models of the transpeptidation reaction catalyzed by sortases (7, (15) (16) (17) , we suspected that a lysine residue in SpaB might participate in the linkage. By truncating progressively the regions upstream of the CWSS in SpaB, we succeeded in obtaining a SpaB mutant that failed to be linked to the SpaA pilus and in turn defined a small region of SpaB essential for its cross-linking (Fig. 3) . This region contains not only a lysine (K139) but also an asparagine (N149), which is known to form isopeptide bonds in a variety of protein crosslinking systems (6, 28) . A significant finding reported in this article is that an alanine substitution only in place of K139 abolished SpaB cross-linking to the SpaA pilus, but not the SpaB anchoring to the cell wall (Fig. 3) . Therefore, we hypothesize that K139 is the residue that links SpaB to SpaA. Contrary to our expectation, however, no conserved motif encompassing this lysine residue could be found among minor pilins.
Revised Model of Pilus Assembly. The simplest scenario that emerges from the findings reported here is depicted in a revised model of pilus assembly presented in Fig. 5 . The most distinctive feature of this model is that a specific minor pilin (SpaB for the SpaA pilus) serves as the terminal subunit that marks the end of pilus polymerization. A strict operational requirement for this model is that the housekeeping sortase presents this minor pilin at the pilus assembly center. As in previous models, a SpaA polymer is believed to assemble on SpaC as the tip pilin nucleator. This polymerization will continue as long as the polymer is held via an acyl-enzyme intermediate between the polymer and the pilus-specific sortase, and it is attacked by the nucleophilic lysine of a SpaA monomer also presented by another SrtA acyl-enzyme intermediate (Fig. 5A ). According to our revised model for the termination step of pilus assembly, SrtF presents SpaB by forming an acyl-enzyme intermediate, wherein the catalytic Cys residue of SrtF is joined to the terminal Thr residue of the LAFTG-cleaved SpaB precursor (Fig. 5B) . The K139 residue of SpaB in this intermediate attacks the acyl enzyme intermediate formed between the terminal SpaA subunit of the pilus polymer and the catalytic Cys residue of SrtA, resulting in the transfer of the pilus polymer from SrtA to SrtF (Fig. 5B) . This transfer is then followed by the attachment of SpaB-linked pilus fiber to the lipid-II precursor, a transpeptidation catalyzed by SrtF. In the final step of pilus assembly, the lipid II-linked pilus is attached to the cell wall, an essential normal step of cell wall biogenesis. Consistent with this model are our immunoelectron microscopic observations that SpaB monomers are anchored to the cell surface and that SpaB is detected at the cell surface adjoining the SpaA pili (6, 22, 24) . It is also consistent with two additional observations. First, pilus length increases as the level of the major pilin is increased (26) . Second, pilus length is increased when SpaB is absent (Fig. 4) and decreased when SpaB is supplied by a complementing plasmid (Fig. 1) . However, the observation that SpaB is also detected irregularly along the pilus shaft when SpaA is overproduced in the cell may seem paradoxical to the pilus chain terminator role of SpaB (6). This is not really so. We posit that the SrtA-presented SpaB subunit incorporated at the base of a growing pilus serves as the receptor for linkage to another SpaA monomer involving the same linkage chemistry detailed above (Fig. 5C) .
Last, it is important to turn our attention to the series of transpeptidation reactions that are postulated to occur during pilus assembly with regard to topological coupling and potential regulation. For transpeptidation to occur, two sortases must come in extremely close proximity to each other on the cytoplasmic membrane, as each sortase is tethered to the membrane via a transmembrane domain. In addition, the pilus assembly center must contain two molecules of the pilus-specific sortase (possibly a dimer) and one molecule of the housekeeping sortase, at a minimum, to catalyze the polymerization cycle and the cell wall anchoring step, respectively. For efficiency, coordination, and regulation of pilus biogenesis, it is quite likely that this assemblage of sortases is built around the SecYEG general secretion machinery also embedded in the membrane. We are now taking several approaches to probe both the mechanistic and the topological aspects of the pilus assembly model. Future work should also address the generality of the model as well. The fact that the cell wall anchoring of pili in S. agalactiae and B. cereus depends on the housekeeping sortase hints that the model we presented is not unique to corynebacteria (8, 13) .
Materials and Methods
Bacterial Strains, Plasmids and Media. C. diphtheriae strains (Table S1) were grown in heart infusion broth (HIB) or on HIB agar plates. Escherichia coli strains were grown in Luria broth. Kanamycin was added at 50 g/ml as needed. Polyclonal antibodies raised against recombinant pilins were described (6, 26, 30) . Reagents were purchased from Sigma unless otherwise indicated. Construction of gene deletions in C. diphtheriae is described in SI Text.
Construction of SpaB Deletion Mutants.
The SpaB complementing plasmid expressing SpaB under the SpaA promoter has been described (6) . To create spaB carboxyl terminal deletions, a 5Ј-primer corresponding to the region upstream of the promoter and different 3Ј-primers corresponding to various carboxyl terminal coding regions of spaB followed by the termination codon were used to amplify different spaB coding regions from plasmid pSpaB ( Fig.  2 and Tables S1 and S2). The amplified fragments were digested with BglII and inserted at the BglII site in the E. coli/Corynebacterium shuttle vector pCGL0243. The recombinant plasmids were sequence verified and electroporated into the spaB deletion mutant.
Immunoelectron Microscopy. Corynebacterial strains were grown to mid-log phase in chemically defined medium (27) supplemented with methionine and cysteine. Harvested cells were washed in 0.1-M sodium chloride (whole cell). The culture medium was concentrated by ammonium sulfate precipitation followed by dialysis in Tris-NaCl buffer, pH 7.5 (culture medium). For ImmunoGold labeling, a drop of bacterial suspension or concentrated culture medium was spotted onto carbon grids, washed three times with PBS containing 2% BSA, and blocked for 1 h in PBS with 0.1% gelatin. Samples were stained with ␣-SpaA (1:100) for 1 h, followed by washing and blocking. Samples were then treated with 12-nm gold-goat anti-rabbit IgG (Jackson ImmunoResearch) diluted 1:20 in PBS with 2% BSA for 1 h. Samples were finally washed five times with water before staining with 1% uranyl acetate and viewed in a Jeol 100CX transmission electron microscope.
Cell Fractionation and Western Blot Analysis. Overnight cultures of corynebacteria were used to prepare mid-log phase cultures (1:50 dilution) at 37°C in HIB, with Kanamycin (50 g/ml) when needed. Based on optical densities, required amounts of each culture were used for fractionating equivalent amounts of cells in all experimental samples. Normalized aliquots were fractionated into medium and cell pellets by centrifugation. PBS washed cell pellets were treated with muramidase in buffer SMM (0.5-M sucrose, 10-mM MgCl2, and 10-mM maleate, pH 6.8) overnight at 37°C. After muramidase treatment, the cell wall was separated from protoplasts by centrifugation. The supernatant and cell wall fractions were TCA precipitated and acetonewashed. Pellets were boiled in sample buffer containing SDS, separated by 4 to 12% Tris-Glycine SDS/PAGE gradient gels (Invitrogen), subjected to immunoblotting with rabbit antisera (1:20,000 for ␣-SpaA, 1:1,000 for ␣-SpaB and 1:10,000 for ␣-SpaC), and detected with chemiluminescence. ␣-His antibody was used to blot an unknown protein found in medium and cell wall fraction for the loading control (24) . For determining SpaB levels, we combined the medium fraction with the TCA-precipitate of cells that were treated with muramidase, which is presented as total protein that was subjected to slot blotting with ␣-SpaB (Fig. 2) .
